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The cortical collecting duct of the mammalian kidney is the
most important nephron segment for the fine regulation of
electrolyte excretion in the urine, The majority of the cells in this
tubular segment, the principal cells, are responsible for Na
reabsorption and K secretion. K secretion is functionally
coupled to H secretion, which is the major task of the a-type
intercalated cells in the cortical collecting duct. K secretion is
decreased when H secretion is increased during acidosis [1—4].
Thus, disturbances in plasma K levels as well as in the acid base
balance of the organism induce regulatory adjustments of trans-
port in the distal nephron, mainly the collecting duct.
K conductance of the basolateral membrane of the cortical
collecting duct
As depicted in the cellular model shown in Figure 1, the luminal
membrane of principal cells of the cortical collecting duct (CCD)
is dominated by a K conductance. This is true for all species
examined so far. The K conductance, as well as the Na
conductance, in parallel is hormonally controlled. The basolateral
membrane is only K conductive in the rat [5—7]; however, in the
rabbit this membrane has an additional large C1 conductance
exceeding the K conductance [7—10]. There is no evidence for a
C1 conductance in principal cells of the rat [5, 11]. Our knowl-
edge on the K channels which are responsible for this basolateral
K conductance and their regulation was limited until very
recently. This cation conductance of the basolateral membrane of
principal cells in rat CCD is highly selective for K over NH4
and Rb, and both of the latter ions even reduce the K
conductance in these cells [6]. Whereas Rb' is only used as a
substitute for K in some ion flux experiments [12, 13], and is thus
without any physiological relevance, NH4 is present in vivo both
on the interstitial side and especially in the tubular lumen in
concentrations up to a few mmol/liter. In addition, NH4 ' is
transported in this nephron segment [14, 151. It has also been
shown that NH4 inhibits net K transport in the CCD [6]. The
reduction in K conductance, and thus K secretion by NH4 is
apparently not due to an acidification of principal cells followed
by an inhibition of pH-sensitive K channels, because cellular pH
alkalinizes in the presence of NH4 and acidifies only after its
removal [16, 17]. The latest data from our laboratory indicate that
the closure of K channels is not a pH-effect mediated by NH4
but more likely an inhibition of these channels by NH3 [171. NH3
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has a much higher permeability compared to NH4 in the CCD
[181, and thus easily enters these cells. The macroscopic K
conductance of the basolateral membrane of the CCD is inhibited
by Ba2 and verapamil but not by TEA [5, 6]. K secretion as
well as Na reabsorption is also inhibited by Ba2 [12].
Na reabsorption and K secretion both are coupled to the
Na-K-ATPase which is located in the basolateral membrane.
Part of the K, which is taken up by the Na-K-ATPase,
recirculates across the basolateral membrane. This recirculation is
necessary for a maximal Na reabsorption [12]. A functional
coupling of the K conductance to the Na-K-ATPase has been
postulated to be necessary for ion transport for many cell types
[19] and has been demonstrated for other renal preparations [5,
20, 21]. Inhibition of the Na-K-ATPase by ouabain leads to a
reduction in K secretion in the rat CCD [12]. The inhibition of
the pump causes an increase in intracellular ATP which blocks the
K channel responsible for K secretion across the luminal
membrane [22]. In this case there obviously exists a metabolic
control of K secretion. Such an influence of changes in the
intracellular ATP-activity or ADP/ATP-ratio on K channel
activity has been shown for other renal and non-renal cells
[22—26]. The inhibition of the Na-K-ATPase also leads to an
inhibition of the K conductance of the basolateral membrane in
principal cells of rat CCD [5], but unlike the K channels of the
luminal membrane [27—30], the K channels of the basolateral
membrane are not regulated by cytosolic ATP (see below, [311).
Further evidence against a metabolic coupling of the Na-K-
ATPase and the K conductance of the basolateral membrane in
the CCD is given by the fact that an inhibition of the Na entry
across the luminal membrane by amiloride, and thus a secondary
inhibition of the Na'-Kt-ATPase [5, 32], does not influence the
K conductance of the basolateral membrane [5]. Therefore we
must assume a more complex mechanism for the coupling be-
tween the Na -K' -ATPase and the K conductance of the
basolateral membrane, since ATP is obviously not involved and
since mechanisms that reduce the K conductance and those
inhibiting the Na-K-ATPase are different.
K channels in the basolateral membrane of the cortical
collecting duct
Methods to study ion channels in the basolateral membrane
Measurements of ion channel currents across the basolateral
membrane of different intact epithelial cells by patch clamping are
rather complicated because the basement membrane excludes
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Fig. 1. Model of a principal cell of rat CCD.
Na reabsorption and K secretion are driven
by the activity of the Na-K-ATPase via Na
and K selective pathways. Amiloride, a
blocker of the Na conductance, verapamil and
Ba2, inhibitors of the K conductance, and
ouabain, an inhibitor of the Na-K-ATPase
are indicated. The principal cell of rabbit CCD
has, unlike the CCD of rat, a Cl conductance
which is located in the basolateral membrane in
parallel to the K conductance.
access to the plasma membrane. Seal formation between the
patch pipette and the plasma membrane is therefore not possible.
Several attempts have been made to remove this basement
membrane either mechanically or enzymatically in various iso-
lated nephron segments [31, 33—40]. In the cortical collecting duct
first attempts to record ion channel currents from the basolateral
membrane were made by mechanically removing the basement
membrane [35, 41, 42] or incubation of the isolated perfused CCD
with collagenase [421. In a recent report, access to the lateral
membrane was gained by removing single cells mechanically from
the split open tubule with a suction pipette and advancing the
patch clamp electrodes to these exposed lateral membranes [43].
We also have tried to digest the basement membrane of the
CCD enzymatically and to obtain single kidney tubules by using a
combination of in vivo and in vitro enzymatic treatment of the
kidney [31]. This method involves perfusion of the kidney in vivo
with a collagenase/pronase containing solution followed by a short
incubation of cortical tissue pieces in a diluted collagenase!
pronase solution. With this preparation a large number of single
kidney tubules were obtained which still have an intact tubular
structure; however, the basement membrane is largely or totally
absent. In these tubules an examination of the K channels of the
basolateral membrane was possible in the cell-attached configu-
ration and in excised membranes.
General properties and regulation of K channels in the
basolateral membrane
In a preliminary report, a voltage-gated, hyperpolarization-
activated K channel of 2—20 pS (outward, that is intra- to
extracellular, and inward currents, that is extra- to intracellular,
respectively) in excised inside-out oriented membrane patches
from the CCD of rabbit was described [35, 41]. No further
information is available on other properties of this K channel, its
regulation, and most importantly on its significance for the
macroscopic K conductance in the intact CCD cell. Further
preliminary data from the lateral membrane of rat CCD demon-
strated an inwardly rectifying K channel with an outward slope
conductance of 12 pS and an inward slope conductance of 28 pS
and an intermediate conductance K channel of 45 pS [36]. Both
channels from rat CCD could be blocked by quinidine and were
inhibited by acidification in the range from pH 7.4 to 6.7 on the
cytosolic side of the excised membrane. The small K channel
showed a reduction in channel amplitude and the intermediate
K channel in open probability (P0) with this acidification. P0 of
the small conductance channel decreased spontaneously upon
excision of the membrane. This so-called channel "rundown"
could be prevented by applying protein kinase A (PKA) and
Mg-ATP to the bath solution [36], in agreement with similar
findings from experiments with the small conductance K channel
of the apical membrane of rat CCD [28, 44]. The latter small
conductance K channel of the lateral membrane of rat CCD may
be identical to the K channel described for the basolateral
membrane of the rabbit CCD. Again, however, the role of this and
the intermediate conductance K channel for the intact cell
remains unclear.
With the help of the in vivo/in vitro enzymatic approach
mentioned above, we obtained more detailed information on
channels present in the basolateral membrane of rat CCD, also in
cell attached recordings in the intact cell [31, 45J. Two different
K channels both with high activity on the cell under resting
conditions, that is, with no agonists present, were found in this
preparation. A small conductance K channel with 67 pS cell-
attached (with a high K/low Na concentration in the pipette)
and with 28 pS under excised conditions (with a high K/low Na
concentration in the pipette and a low K/high Na concentration
in the bath) was recorded. This small conductance K channel (in
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the following referred to as sKt) was very often coloealized with
a second, intermediate conductance K4 channel (in the following
referred to as i-IC) of 148 pS in the cell-attached and 85 p5 in the
excised configuration. Figure 2 shows original current traces from
both IC channels in an excised inside-out oriented membrane
patch from the basolateral membrane of rat CCD (part 1) and
summaries of the current/voltage relations for these channels
(cell-attached, part 2; excised with high K on both sides of the
membrane, part 3; excised with high Kt only on one side of the
membrane, part 4). Single channel currents through both Kt
channels did not rectity [31]. Both channels showed a marked
reduction in open probability after excision to 10% (i-IC) and
17% (s-K), which declined to zero with time [46]. On the cell the
open probability of these channels was very high, hut could not,
Fig. 2. Part 1. Original current traces and
current/voltage relations of iwo different Kt
channels in the basolateral membrane of principal
cells of rat CCD. The upper trace shows a
colocalization of the small conductance KF
channel (0—1) and the intermediate
conductance Kt channel (0—2) in an excised
inside-out oriented membrane patch at 0 mV
clamp voltage. State 0—3 indicate open events
of both channels at the same time. The lower
traces depict examples from the upper trace at
an expanded time scale. A. Small conductance
K channel. B. Intermediate conductance Kt
channel. C—+ indicates the closed state (zero
current level) of the channels. Part 2. Current!
voltage relation of both channels in the cell-
attached configuration. The pipette contained
high Kt and low Nat. Part 3. Current/voltage
relation for the intermediate conductance Kt
channel in excised inside-out oriented
membrane patches under symmetrical Kt
concentrations. Part 4. Current/voltage relation
of both channels in the excised configuration
with high Kt/low Nat in the pipette and high
Nat/low K4 in the bath. Data are taken from
[31].
however, be quantified, because the number of channels in the
membrane was not known and single current levels were not
visible. In excised membranes these two channels differed in their
mean open and closed dwell times (iopen, Tctosed). Topen was 8 ms
for the iKE and 12 ms for the sKt. For the i-IC two Tciosej
valuesof 6 and 140 ms were obtained and only one T100-value of
31 ms was demonstrated for the sKt. Since both channels were
mostly colocalized in the same membrane patch, analysis of P0
and mean dwell times could not be done exactly with the standard
method of analyzing single channel currents, setting a 50% current
level to obtain idealized current traces. Applying the hidden
Markov model to unfiltered single channel currents allowed us,
however, to analyze the open probabilities and mean dwell times
of both channels in these membranes independently [46].
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Fig. 3. Original current traces demanstrating the
Ca2 tdependence af the small conductance C
channel of the basolateral membrane of rat CCD.
At high cytosolic Ca2-activitics (1 mmol/liter)
the open probability (F0) of the channels is
reversibly inhibited. C—* indicates the closed
state (zero current level) of the channels. Note
the decrease of two open channels under high
cytosolic Ca2-activities (1 mmol/liter). Current
traces were filtered at 100 Hz. Data are from
the author's laboratory.
The influence of several inhibitors on the intermediate conduc-
tance K channel was tested in excised inside-out and outside-out
oriented membrane patches. An inhibition of the i-K with Ba2
(1 mmol/liter) was seen in both membrane configurations. TEA
(10 mmol/liter) blocked this channel in outside-out oriented
membranes only. Verapamil, originally described as Ca2 channel
blocker, that also inhibits several K channels [24, 31, 47—49],
induced a fast "flicker"-block of this channel at micromolar
concentrations [31]. In contrast to Ca2 channels of the heart and
smooth muscle, which are only inhibited by the S-enantiomer of
verapamil in concentrations of 0.1 amol/liter [50], this renal K
channel could be blocked by both enantiomers almost equally
well, however, with significantly higher drug concentrations [31].
The inhibition of the i-K by verapamil is therefore very compa-
rable to the respective effect on the small and large conductance
K channels of the luminal membrane of rat CCD [49, 51].
For the small conductance K channel of the basolateral
membrane of rat CCD a quantification of changes in the open
probability using the standard analysis method could not be made
because of the simultaneous activity of the intermediate conduc-
tance K channel in the same membrane patch. Thus, only
qualitative statements about changes in channel activity were
possible. In all recordings where the i-K was inhibited by Ba2 (1
mmol/liter) the s-K, when present in the same membrane patch,
was inhibited as well (unpublished observation from our labora-
tory). However, it was not possible to resolve if there was a
potential decrease in the open probability of this channel in the
presence of verapamil, because this drug induces a fast flickering
behavior of the i-K, which obscures individual current levels.
It is hardly possible to distinguish among the large number of
various K channels found in renal and other epithelial mem-
branes as well as in non-epithelial membranes with the pharma-
cological tools described above. These inhibitors all act very
similarly on the different K channels and most have fairly low
affinities to the channel proteins. Recently, the high sensitivity of
some K channels to toxins from various animals, such as
scorpions, snakes and bees, was used for discrimination [52, 53].
These toxins have affinities to the channels in the nanomolar
range and the specific binding sites appear to be present only in
some members of the K channel family [52, 53]. The interme-
diate conductance K channel of the basolateral membrane was
reversibly inhibited by the scorpion venom charybdotoxin, but not
by the bee venom apamin [31]. The large conductance K channel
of the luminal membrane, however, was also inhibited by this
toxin [49]. The differences in channel properties between these
two channels, such as Ca2- and ATP-dependencies [30] and
phosphorylation by protein kinases ([45], see below), suggest that
they obviously belong to a different kind of K channel species,
and thus reduce the importance of these toxins for the differen-
tiation of K channels.
The intermediate conductance K channel of the basolateral
membrane showed a decrease in open probability caused by high
cytosolic Ca2-activities [31]. This was also seen for the small
conductance K channel of this membrane in five observations;
an example is given in Figure 3, showing original single channel
current traces. The inhibitory effect of high cytosolic Ca2-
activities (1 mmol/liter) on the small conductance K channel of
the basolateral membrane of rat CCD is demonstrated. At
physiological Ca2-activities (s100 nmol/liter) in excised mem-
brane patches, both K channels were highly activated. This
Ca2-dependence is in contrast to the Ca2-dependence of the
large conductance K channel of the luminal membrane and most
other Ca2-dependent K channels which are activated by in-
creasing cytosolic Ca2-activities [30, 54]. This difference in the
Ca2-dependence between the large conductance K channel in
the luminal membrane and the intermediate conductance K
channel in the basolateral membrane of rat CCD is demonstrated
in Figure 4. Such an inhibition of K channels by cytosolic Ca2
was also reported for the K channel of the luminal membrane of
the thick ascending limb of rat [24] and for the K channel of the
basolateral membrane of the rectal gland of the dogfish Squalus
acanthias [55]. In both preparations the K channels serve for the
recireulation of K across the respective membranes and are
necessary for the net transport of NaCI. The different effects of
Ca2 on the K channels of rat CCD suggest a potential selective
role of cytosolic Ca2 in transport regulation. An increase in
intracellular Ca2-activity by an agonist like ADH [56] could on
the one hand activate the large conductance K channel in the
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Fig. 4. Caltdependence of the large conductance Kt channel of the (U)
luminal membrane (N 35) and the (LI) intermediate conductance K4
channel of the basolateral membrane (N = 13) of principal cells of rat
CCD. The channel activity is given as the open probability (P0) in
percent of the respective maximal activity for each channel. Data are
taken from [30, 31].
luminal membrane and on the other hand inhibit the Kt channels
in the basolateral membrane. These opposite effects would lead to
an increased net Kt secretion.
Many renal and non-renal epithelial Kt channels are sensitive
to changes in cytosolic pH [24, 27, 30, 55, This is also true
for both Kt channels of the basolateral membrane of rat CCD
[17, 31]. With increasing Htactivities on the cytosolic side of the
membrane the Kt channels were inhibited, and with decreasing
Htactivities they were activated. The dependence of three
different Kt channels of principal cells of rat CCD on intracellu-
lar pH is compared in Figure 5. The fourth Kt channel of rat
CCD, the sKt in the basolateral membrane, is also inhibited by
cellular acidification in a very similar way [17]. Thus, the pH-
dependence of K channels in the basolateral membrane is not
significantly different from that of Kt channels in the luminal
membrane. It also compares well to that of the Kt channel in the
thick ascending limb of the rat [24]. The concentration/response
curve for this effect with a steep slope between pH 7.4 and 7.0
indicates a relevance of the cellular pH as physiological regulator
in this nephron segment (see below).
Recently, we demonstrated an interesting effect of NH3/NH41
on the Kt channels of the basolateral as well as the luminal
membrane [17]. All four channels were inhibited in the intact cell
by addition of 20 mmol/liter NI-I4Cl to the extraeellular solution.
With the inhibition of Kt channel activity a depolarization of
these cells and a reduction in cellular conductance were seen. This
inhibitory effect was increased when the NH1/NH4t ratio was
shifted towards NH1 by raising solution pH to 9.2 (pK5 for
NH4t). NHI/NH4t had, however, no effect on channel activity in
excised membranes. These data suggest that these Kt channels in
the CCD of rat are inhibited by NH1 through some additional
cellular steps. A very similar observation has been made for the
Kt channel of the thick ascending limb of the rat [60].
The activity of many Kt channels is controlled by cytosolic ATP
or ADP. Two different effects of ATP have to be distinguished. A
typical example for such a dual regulation of channel activity by
ATP is the secretory Kt channel in the lominal membrane [28].
ATP concentrations of up to 0.1 mmol/liter are necessary for the
phosphorylation of the channel by protein kinase A [29]. At
8.0 7.5 7.0 6.5
higher ATP concentrations this channel, and also the maxi Kt
channel in the luminal membrane, are inhibited [28, 30]. This
ATP-dependcnce of K4 channels points toward a metabolic
coupling of the Nat-Kt-ATPase activity and channel activity and
was indeed demonstrated for the secretory Kt channel [22]. Such
a feedback mechanism through ATP is, however, obviously absent
for the basolateral membrane. As mentioned above, 0.1 mmol/
liter ATP is necessary for the phosphorylation of both Kt
channels in the basolateral membrane by a cOMP-dependent
protein kinase. ATP concentrations up to 5 mmol/Iiter are,
however, without any inhibitory effect. Therefore, another regu-
latory coupling factor must be responsible for the observed link
between NatK+ATPase and the Kt conductance of the baso-
lateral membrane [5].
In excised, inside-out oriented membrane patches both Kt
channels of the basolateral membrane of rat CCD showed a time
dependent rundown behavior [31, 451. Such a rundown behavior
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Fig. 5. pH-dependence of three different K' channels in principal cells of rat
CCD, the big (U) and the small (zI) K channel of the luminal membrane
and the intermediate (Li) Kt channel of the basolateral membrane. Channel
activity is given as open probability (P0) in percent of the respective
activity at pH 7.4 for each channel. Data are taken from [30, 31, 44, 87, 89].
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indicates that these channels require a cytosolic factor which
controls channel activity and is washed off in an inside-out
oriented excised membrane patch. The time course of this run-
down varied considerably between seconds and minutes. This
variation may be due to differences in the geometry of the excised
membrane and thus the likelihood that factors necessary for
maintaining channel activity are washed off. Rundown of channel
activity was not seen in excised, outside-out oriented membrane
patches indicating that in these membrane patches loss of this
factor into the pipette is much more limited. The phenomenon of
rundown associated with the loss of a cytosolic activator has also
been shown for the small conductance K channel in the lateral
membrane of rat CCD [36], the secretory K channel in the
luminal membrane of rat CCD [29], and other renal ion channels
such as the K channel of opossum kidney cells [61], and the Na
channel of A6 cells [621. In excised membrane patches both K
channels of the basolateral membrane of rat CCD could be
activated by 0.1 mmol/liter cGMP. This activation required,
however, the presence of 0.1 mmol/liter Mg-ATP. Na-ATP to-
gether with cGMP or Mg-ATP alone did not activate these
channels [45]. Thus, a phosphorylation step is obviously involved
in channel activation, rather than a direct control of the channel
by cGMP as has been shown for another K channel, which is
predominantly expressed in kidney, heart, and thoracic aorta [63],
and for non-selective cation channels in the inner medullary
collecting duct [64], A6 cells [651, and the retinal rod [66]. In
addition these data suggest the presence of a membrane bound
cUMP-dependent protein kinase (PKG) which remains in the
excised membrane. The involvement of such a protein kinase in
maintaining channel activity in excised membranes is further
supported by the fact that channel activity was inhibited by KT
5823, an inhibitor of protein kinases which is more specific for
PKG compared to PKA and PKC [67]. The activity of the two K
channels in the basolateral membrane was very high under normal
resting conditions in cell attached patches in the absence of any
agonists [31]. Still, under these conditions, the membrane poten-
tial of single isolated CCD cells hyperpolarized upon addition of
the membrane permeable analog dibutyryl-cGMP [45]. The hy-
perpolarization of these cells with increases in cellular cGMP
points towards an increase in the K conductance of these cells.
The activity of both K channels in the basolateral membrane was
indeed increased with nitroprusside, a liberator of nitric oxide
(No), and thus an activator of the guanylate cyclase [68]. Both
effects are demonstrated in Figure 6, as original recordings of the
membrane voltage of an isolated rat CCD cell and original traces
of single channel currents on the cell. These data strongly indicate
that the K channels of the basolateral membrane of rat CCD are
regulated by PKG. Calyculin A as well as okadaic acid, both
inhibitors of protein phosphatases 1 and 2A [69], also increased
channel activity in the cell-attached configuration [45]. Thus, it is
most likely that these K1 channels are activated by direct phos-
phorylation through PKG rather than by dephosphorylation.
So far both K channels of the basolateral membrane of rat
CCD appear to be regulated in the same way [31, 45]. The only
known differences between these channels are their conductance
properties and their mean open and close dwell times [46].
Therefore, one cannot exclude the possibility that both K
channels are different functional states of one complex transport
protein. To identify both channels as independently functioning
channels, a selective blocker or a regulation factor which discrim-
mates between the two channels would be necessary. Table 1 gives
a comparison of all data of K channels in the basolateral and
lateral membrane of rat and rabbit CCD.
Comparison between K conductance and K channels of the
basolateral membrane
To examine the importance of the two K channels of the
basolateral membrane of rat CCD for the intact cell, a comparison
of single channel data and properties of the macroscopic conduc-
tance is required. Impalement studies with microelectrodes have
shown that the basolateral membrane of rat CCD is sensitive to
Ba2 [5] and verapamil but not to TEA [6]. All three channel
blockers are well-known inhibitors of these K channels of the
basolateral membrane as well as of the K channels of the luminal
membrane in excised membrane patches [31, 49]. The discrepancy
between the inhibitory effect of TEA on single channel currents,
but not the macroscopic K conductance of the basolateral
membrane, has been described previously for other preparations
[24, 47]; however, no simple explanation can be offered.
The inhibition of these K channels in the cell by the addition
of NH3/NH4 is in agreement with the inhibition of the macro-
scopic K* conductance by NH3/NH4. Apparently, this effect is
due to an indirect inhibition of the channels by NH3. Neverthe-
less, K conductance and K channels of the basolateral mem-
brane of rat CCD are both regulated by changes in cytosolic pH
[17]. Thus, except for the inhibition of the single channel current
in excised membranes by TEA, the properties of the macro-
scopic K conductance of the basolateral membrane fit well those
of the two K channels. These similarities, together with the high
activity of channels on the intact cell, make it most likely that
these channels are responsible for the macroscopic K selective
conductance of this membrane.
Comparison between K channels of the basolateral and the
luminal membrane
Two different K channels have been described for the luminal
membrane: a small, Ca2-independent, outwardly rectifying K
channel with a conductance between 9 and 52 p5 [27, 70, 71]; and
a large, Ca2-dependent K channel with a conductance of
approximately 140 pS [30, 49, 72] (Table 1). Data for the small
conductance K channel were obtained in the cell-attached
configuration under different experimental conditions, such as
variations in temperature and composition of solutions in pipette
and bath, whereas the data for the large conductance K channel
refer to experiments from excised membrane patches only. It is
generally accepted that the small-conductance K channel is
responsible for K secretion in this nephron segment because of
its high activity in the cell. This channel is independent of changes
in membrane voltage and intracellular Ca2 [27, 70], but it is
regulated by cytosolic pH and ATP [27—29]. Furthermore, this
channel is activated by PKA and inhibited by PKC or arachidonic
acid [28, 29, 73]. The large conductance K channel is not active
on the cell under normal physiological conditions [49, 72, 74] but
can be activated by strong depolarization or increases in intracel-
lular Ca2* induced by cell swelling [30, 49]. With Ca2-activities
in the physiological range this channel shows only moderate
activity in excised membranes, but under these conditions it is also
regulated by changes in intracellular pH and ATP [30].
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Fig. 6. A. Effect of dibutytyl-cGMP (0.1 mmol/
liter) on the membrane voltage (V,) in an
original recording of V, of an isolated CCD cell
obtained with the slow-whole-cell patch clamp
method. B. Activation of K channels by
nitroprusside (10 jrmol/liter) as original current
traces of the intermediate conductance K
channel in a cell-attached recording. Note the
delayed downward shift of the Current in the
original trace with nitroprusside, indicating that
at least five channels are open after application
of nitroprusside. The closed state of the
channels (zero current level), indicated by C—,
is more often reached under control conditions,
especially after removal of nitroprusside. The
clamp voltage was 0 mV. Data are taken from
[451.
Table I. Properties of Kt channels of the basolateral membrane of rabbit and rat CCD
The K channels of the basolateral membrane differ consider-
ably in their regulation compared to the K channels of the
luminal membrane. Their activity is independent of changes in
membrane voltage and both are inhibited by increases in cytosolic
Ca2-activities above 1 mmol/liter [31]. Furthermore, they are
activated by a cGMP-dependent protein kinase [45], but not by
PKA. The only regulatory parameter that all K channels of the
principal cell of rat CCD have in common is their dependence on
changes in intracellular H-activity, with a decrease in channel
activity at increasing cytosolic Htactivities [17, 27, 30, 311.
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Species Reference
The conditions under which conductances were obtained vary with respect to ion concentrations in the pipette and bath, and ambient temperature
in the various studies. Abbreviations are: TEAT, tetracthylammonium; CTX, charybdotoxin; Hyperpol, hyperpolarization; PKA, cAMP-dependent
protein kinase; PKG, cGMP-dependent protein kinase.
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Comparison between K channels of the basolateral membrane
of CCD with K channels from basolateral membranes of
other nephron segments
First recordings from the lateral membrane at the end of
isolated perfused proximal tubules of rabbit revealed two different
K channels active in the intact cell: a 36 pS K4 channel and a
10—50 pS inwardly-rectifying, Ca2 -independent K channel [33,
39, 40]. The latter channel could be blocked by TEA, Ba2, Cs,
H and was activated by a depolarized membrane voltage.
Further data on K channels in basolateral membranes were
obtained from collagenase treated proximal tubules at room
temperature [37, 75]. In these preparations inwardly-rectifying K
channels with a conductance of 10—60 pS were described in cell
attached patches, which were only moderately voltage-dependent
[37] or voltage-insensitive over the physiological voltage range
[75]. K channel activity could not be increased by cell swelling or
membrane depolarization, but by decreasing intracellular H-
activity.
In the basolateral membrane of enzymatically treated cortical
thick ascending limb of rabbit another inwardly-rectifying, Ca2-
independent K channel was reported on the intact cell. This
channel had a conductance of 7—35 pS at room temperature and
was strongly voltage-dependent. It showed a rundown behavior
which could not be prevented by 0.1 mmol/liter ATP or a
combination of ATP and the catalytic subunit of PKA [34]. In the
basolateral membrane of enzymatically treated distal convoluted
tubules, three non-rectifying, voltage-independent K channels of
50, 60 and 77 pS in the cell-attached configuration were described,
where the latter one was not inhibited by Ba2 [38].
So far, all the reported K channels listed above for the various
nephron segments show striking differences, at least when com-
pared with the two K channels found in the basolateral mem-
brane of principal cells of cortical collecting duct of rat described
in detail above [17, 31, 45]. Most of the K channels described in
basolateral membranes of other segments are inwardly-rectifying
channels with small conductances and are not regulated by
cellular Ca2. The limited knowledge of the properties of these
small conductance K channels and of the small conductance K
channel reported for the rat [36] and rabbit CCD [35] does not
allow a clear distinction of these channels. As far as is known, all
these channels seem to be regulated by changes in intracellular
pH, which provides evidence that this is an intrinsic property of
K channels. The K channel from the cortical thick ascending
limb also seems to be regulated by a protein kinase; however, due
to its electrical properties and the Ca2-independence it is very
likely that it belongs to a different kind of K channels.
The intermediate, as well as the small conductance K channel
of the basolateral membrane of rat CCD described in detail
above, seems to belong to a unique kind of renal K' channels not
comparable with so far described K channels from other mam-
malian nephron segments.
Role of K channels in the basolateral membrane of CCD
Both luminal and basolateral membranes of the principal cell of
rat CCD are K conductive, enabling these cells to either secrete
or reabsorb K. Since K secretion is directly coupled to the Na1
reabsorption via the Na-K-ATPase, an activation of Na
reabsorption will also lead to an increase in K secretion [5, 8].
The exit of cellular K across the luminal membrane into the
lumen is especially favored when Na reabsorption is increased by
an enhanced Na conductance, and thus depolarization of the
luminal membrane, for example by aldosterone or ADH [5, 76,
77]. Furthermore, aldosterone and ADH influence K secretion
directly by activation and synthesis of proteins involved in these
transport processes [12, 13, 76]. The presence of the K conduc-
tance in the basolateral membrane allows part of the K which is
taken up into the cell by the Na-K-ATPase to recirculate across
this membrane [5, 8, 78]. This recirculation is necessary for
maximal reabsorption of Na because inhibition of the basolat-
eral K conductance reduces the transport rate of the Na-K-
ATPase, and thus Na reabsorption as well as K secretion [51.K transport in these cells is controlled by different phosphor-
ylation reactions. These allow independent hormonal regulation
of the two membranes by different hormones. The physiological
stimulus, such as hormones or hormonal receptors, which leads to
an increase in the intracellular cGMP level in principal cells, and
thus stimulates the K conductance of the basolateral membrane,
is still unknown. Such an increase in intracellular cGMP-activity
was produced by atrial natriuretic factor (ANF) in the medullary
collecting duct and the glomerulum [79, 80]. Besides ANF, nitric
oxide (NO) is another known stimulator of the guanylate cyclase
in the collecting duct [81]. The open question is how an increase
in intracellular cGMP-activity influences the macroscopic ion
transport. Conflicting data exist so far on the effect of ANF/cGMP
on Na transport: in some reports a stimulating effect on the
amiloride-sensitive Na channels in A6 cells [65] and toad urinary
bladder [82] was demonstrated; however, there was no effect on
net Na transport in the CCD [83, 84] and an inhibitory effect on
Na reabsorption in inner medullary and cortical collecting duct
was seen in other studies [85, 86]. So far no data are available on
an effect of stimulating the cellular cGMP production by NO
and/or ANF or other hormones on net K transport.
Besides phosphorylation, protonation is another mechanism to
regulate the K channels of the basolateral membrane. An
increase in intracellular H-activity, however, leads to an inhibi-
tion of all K channels known in these cells in both membranes
[27, 30, 31, 87]. A direct inhibition of K channels in the luminal
membrane offers an easy explanation for the observed decrease in
K secretion caused by an increased H secretion during acidosis.
The decrease of the activity of the K channels of the basolateral
membrane is not required for the reduction of K secretion under
these conditions; it would rather decrease Na reabsorption as
well, which has not been shown so far. On the other hand, such a
pH-dependence seems to be typical for most epithelial K
channels, including a number of very different channels; thus, it
seems to be an intrinsic property of this family of ion channels.
Ca2 has variable effects on the K channels in the basolateral
and luminal membrane. An increase in intracellular Ca2-activity
due to cell swelling leads to an activation of the large conductance
K channel of the luminal membrane [30, 87]. Simultaneously,
the increase in cellular Ca2 inactivates the K channels of the
basolateral membrane [31]. The differences in the Ca2-depen-
dence of the four different K channels of rat CCD offer a way of
regulating these channels independently of phosphorylation by
different protein kinases. An increase in intracellular Ca2-
activity, induced by an agonist, could increase K secretion by
inhibiting K channels in the basolateral membrane and activat-
ing the large conductance K channel in addition to the secretory,
small conductance K channel in the luminal membrane [27, 70].
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Fig. 7. Model of a principal cell of rat CCD.
The various K channels mentioned in this
review are indicated by the width of the
opening in the schematic cell border. A large
and a small conductance K channel is located
in the luminal membrane and an intermediate
and small conductance K channel is located in
the basolateral membrane. The latter ones are
inhibited by Ca2 and H and are activated by
a cGMP-dependent protein kinase (PKG). The
physiological agonists which activate the
guanylate cyclase (GC) and thus raise the
intracellular cGMP-level are still unknown.
The Ca2-dependence of the K channels of the basolateral
membrane could also explain the coupling between the K
channels of this membrane and the Na-K-ATPase, because
ATP does not act as the coupling regulator, as was reported for
other cells [26, 88]. An inhibition of the Na-K-ATPase by
ouabain leads to an increase in intracellular Na-activity which
would result in a decrease of the driving force for a NaICa2-
exchanger, and thus to an increase in intracellular Ca2-activity.
An increase in cytosolic Ca2F would inhibit the K4 channels of
the basolateral membrane and could explain the observed de-
crease in the K conductance of this membrane during such an
inhibition of the Na-K-ATPase by ouabain [12]. Inhibition by
amiloride of the Na* conductance, which is the only entry
mechanism for Na in these cells and leads to secondary inhibi-
tion of the Na-K-ATPase, has no inhibitory effect on the K
conductance of the basolateral membrane [5]. Under these con-
ditions the driving force for a potential Na41Ca2-exchanger
would be increased and the intracellular Ca2-activity should
rather fall. It has been reported that under these circumstances
there is no decrease in the K conductance of the basolateral
membrane [5]. Thus, this Ca2-dependence, with an inhibition of
K channel activity at rising intracellular Ca24 -activities, could
explain the disparate reactions of the K conductance to different
means of inhibition of the Na4-K-ATPase.
Potential physiological significance of independent regulation of
K channels in the luminal and basolateral membrane of CCD
The regulation of the K channels of the basolateral membrane
of rat CCD is strikingly different from that of the K channels in
the luminal membrane. These differences involve the marked
differences in the Ca2 dependencies between the channels in the
luminal and those of the basolateral membrane as well as the
selective control of channel activity by different protein kinases.
These differences in the control of K channel activity offer a
specific and independent regulation of K and Na transport in a
cell which is capable of reabsorbing or secreting K and reab-
sorbing Nat. Relative rates of Na and K transport can be
regulated independently with changing needs for extracellular
fluid and electrolyte homeostasis in the organism. Thus, physio-
logical and pathophysiological situations which disturb the Na
and K balance of the extracellular space, such as marked
alterations in Na4 or K4 intake, could be selectively balanced by
alterations in the transport of these electrolytes in the CCD. With
the above described mechanisms in principal cells of the CCD, an
increase in K secretion without changes in the Na reabsorption
and vice versa appears possible.
A model summarizing our current knowledge on the regulation
of K channels in the basolateral membrane of rat CCD is
presented in Figure 7.
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